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Abstract²This paper proposes a novel formulation for 
determining the short-circuit fault identity, that is the fault type, 
faulted line and exact fault distance on it, by using available 
synchrophasor data. A simple and yet quite effective procedure is 
developed to model the fault area as a stand-alone sub-system. 
Thanks to phasor measurement units (PMUs), the proposed 
technique does not require the operating point and model of the 
portions being replaced. This greatly alleviates the complexity 
and technical problems involved in modeling the entire power 
system, as enforced by existing wide-area methods. A couple of 
effective theorems in Circuit Theory are exploited in a way as to 
make the pre-fault bus impedance matrix applicable in the post-
fault condition. The obtained fault equations are readily solved 
by the least-squares method to provide a closed-form solution for 
the fault distance. Two necessary and sufficient conditions are 
introduced to assess the fault location feasibility by a given set of 
PMUs. High accuracy is achieved since the calculations merely 
involve sound equations remaining after removing erroneous 
measurements of instrument transformers. The proposed method 
is successfully validated by more than 10000 simulation cases 
conducted on the New England 39-bus and 118-bus test systems.  
 
Index Terms²Phasor measurement unit (PMU), least-squares 
method, system of linear equations, wide-area fault location. 
I. INTRODUCTION 
 UBSEQUENT to a short-circuit fault, current and voltage 
waveforms vary over a wide range at different locations of 
the power system [1]. Phasor measurement units (PMUs), as 
the building blocks of wide-area systems, make it possible to 
measure, time-stamp and transmit the fundamental-frequency 
phasors of these signals to the control center. Wide-area fault 
location is the process of determining the fault identity, i.e., 
the fault type, faulted line and exact fault distance on it, by 
using the data of a limited number of PMUs.  
Signals fed to PMUs through instrument transformers are 
not ideal, and hence, their extracted synchrophasors would 
contain some errors. Under transient conditions, the signal 
transformation would get even worse [1]. The larger the 
change a current transformer (CT) or a capacitive voltage 
transformer (CVT) undergoes, the less successful it would be 
in reproducing an exact replica of its primary input [2]. This 
implies an inherent advantage of wide-area applications over 
local practices since the measurement devices located farther 
from the fault point experience smaller changes upon a fault. 
Conventional fault location methods often use a minimal 
number of equations constructed based on the measured 
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quantities at the faulted line terminals [3]-[14]. If any of the 
measurement devices is unable to faithfully provide the related 
quantity, the fault equations involving that quantity become 
erroneous. This would make fault location inaccurate or even 
infeasible due to lack of enough independent equations. 
Travelling wave-based wide-area fault location methods 
require measurement devices of very high sampling rate to be 
deployed [15], [16]. Phasor-based wide-area fault location is a 
viable solution to this problem, since it uses the entire 
redundant fault equations constructed over the available PMU 
data [17]-[31]. However, the existing phasor-based wide-area 
methods require the parameters and topology data of the 
whole system for pinpointing the fault. On the other hand, 
nonlinear formulation and/or iterative nature of these methods 
make it very difficult to deal with imperfect measurements, in 
addition to enforcing a demanding solving process [20].  
 It is neither necessary nor even useful to model the entire 
power system with full details in order to study a short-circuit 
fault. Rather, it is more practical to only focus on the region 
where the fault is located. In doing so, the conventional 
network reduction technique can be used. This would add 
some transfer links to the system whose number is 
proportional to the square of the number of boundary 
terminals. Not only is this somehow in opposition with the 
primary objective of network reduction, but also it requires 
some information from the portions being replaced [32].  
An innovative technique is proposed in this paper to 
represent the remaining system seen from the fault area 
boundaries without requiring its parameters and operating 
point. The resulting sub-system would be much easier to 
analyze and still involves reliable measurements. Moreover, 
the proposed framework enables the use of pre-fault bus 
impedance matrix even after fault occurrence. Accordingly, 
the fault equations become linear, and hence, can be readily 
solved to determine the fault identity. Besides, bad data 
detection techniques can be incorporated in such a linear 
framework for removing erroneous measurements of 
instrument transformers. Two necessary and sufficient 
conditions are also introduced in this paper to assess the fault 
location feasibility. The associated procedure is shown to be 
independent of the exact fault distance on the faulted line and 
thus can be carried out offline for any given set of PMUs.  
The rest sections of this paper are organized as follows. 
Section II describes fault areas of interest to this study and 
elaborates on how to model them as a stand-alone fault sub-
system. Section III proposes a linear framework comprising all 
extractable fault equations over PMU data. Extensive 
simulation studies are conducted and discussed in Section IV. 
Finally, the paper is concluded in Section V. 
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II. EXTRACTION OF FAULT SUB-SYSTEM 
In this section, a technique is proposed to model the fault 
area as a stand-alone sub-system. As a great advantage, this 
technique does not require the operating point and parameters 
of the portions being replaced. The sufficient and necessary 
conditions of being able to locate the fault in the fault sub-
system are introduced later. It is possible to devise an optimal 
PMU placement algorithm to meet those conditions [33]. 
However, due to space limit, this paper is confined to fault 
location using the PMUs already installed in the system. 
A. Fault Area Definition 
To reduce the computational complexity of fault analysis, 
and also to simplify the exchange and processing of data 
between utilities, a large power system can judiciously be 
divided into several areas [32], [33]. In doing so, geographical 
closeness, system topology and other technical criteria can be 
coupled with engineering judgment. The area including a 
short-circuit fault is called the fault area.  
From the fault area perspective, various components of the 
system can be divided into either internal or external 
components. The links (transmission lines and transformers) 
connecting internal terminals to external ones are called 
interconnection links. Based on the substitution theorem, 
every interconnection link can be replaced with a suitably 
adjusted current source [34]. As will be shown in this paper, 
such a possibility is quite beneficial when the amounts of 
these sources are known. 
B. Modeling the Fault Area as a Stand-Alone Sub-System 
To derive the linear framework for fault location, it is 
assumed for the moment that the fault has happened in an area 
the currents of whose connections with the remaining system 
are measured by PMUs. Cases in which the boundary 
terminals are not entirely monitored by PMUs are also studied 
later. 
In fault analysis, electric machines are each modeled as a 
constant voltage source in series with a fixed impedance. Such 
an approximation serves well for fault calculations. According 
to the Thevenin-Norton equivalent theorem, this model can be 
converted to an equivalent constant current source in parallel 
with that impedance [34]. Providing more accuracy, an 
electric machine can be entirely replaced with an equivalent 
current or voltage source with no approximation. This can be 
accomplished by measuring that machine current injection or 
its terminal voltage using a PMU.  
Assume B is the set of all terminals and BFA is the set of 
internal ones, i.e., those located in the fault area. Let Js,r denote 
the sending-end current phasor of link s-r. For the sake of 
generality, this variable is assigned a zero value if terminals s 
and r are not connected to each other. Interconnection links 
and electric machine(s) at the boundary terminal k can be 
substituted altogether with a single current source injecting an 
identical amount of current. In general, bus injected currents 
for the PMU-equipped boundary terminals are obtained from 
 
,
{ }FA
m
k k k r
r B B
I I J
 
  ¦ ,       1 k Nb d d  (1) 
where mkI is the sum of currents of machines at terminal k, and 
1 to Nb are the indices of boundary terminals. 
All the boundary terminals of the fault area, shown in Fig. 1 
in blue color, are equipped with PMUs. It is possible to 
convert this fault area into a stand-alone sub-system, as 
explained. Fig. 2 shows the resulting fault sub-system with Nf 
terminals among which Np terminals are PMU-equipped. If an 
electric machine is connected to a terminal with no PMU, e.g., 
terminal Nf, that machine would be modeled as a constant 
current source in parallel with a suitable impedance. 
III. FAULT LOCATION IN THE FAULT SUB-SYSTEM 
In power system analysis, the bus impedance matrix is 
commonly used to obtain the current and voltage signals at 
different locations. For a fault, the fault distance and resistance 
have to be considered in constructing the bus impedance 
matrix, regardless of whether they are among the unknowns to 
be calculated. Fault equations are highly nonlinear in terms of 
these unknowns and thereby demand considerable 
computational effort to be solved. In this section the faulted 
line is substituted with two suitable current sources in terms of 
that the fault equations become linear.  
A. Derivation of Fault Equations  
The difference between pre- and post-fault signals, 
commonly referred to as superimposed components, is used 
here to derive the fault equations and develop a linear 
framework for wide-area fault location. To start with, the 
nodal equations for the fault sub-system prior to the fault is 
written in the matrix form as 
 
pre pre pre V Z I , (2) 
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Fig. 1. A short-circuit fault on line i-j in the fault area. 
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Fig. 2. Fault sub-system derived by replacing the remaining system and the 
faulted line with suitable current sources. 
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where Zpre is the bus impedance matrix in the pre-fault 
condition and Vpre is the Nf×1 vector of pre-fault bus voltage 
phasors. In addition, preI =[ 1 , ,
pre pre
NfI I ]T is the vector of 
bus injected currents where the pre-fault nodal current at bus k 
is denoted by prekI . 
On the other hand, line i-j can be replaced with two current 
sources injecting currents 
,
pre
i jJ  and ,prej iJ  to the respective 
terminals, in the pre-fault condition. Accordingly, 
 
( , ) ( , )pre i j pre i j V Z I  (3) 
where the superscript (i,j) is used to denote the related 
parameter or variable while line i-j has been replaced with two 
equivalent current sources. Accordingly, 
( , )
1 , ,, , , , .
pre i j
Tpre pre pre pre pre pre
i i j j j i NfI I J I J I
 
ª º ¬ ¼
I
 (4) 
An equation similar to (3) can be derived for the post-fault 
condition as follows 
 
( , ) ( , )post i j post i j V Z I  (5) 
where 
( , )
1 , ,, , , , , .
post i j
Tpost post post post post post
i i j j j i NfI I J I J I
 
ª º ¬ ¼
I
 (6) 
It should be noted that the bus impedance matrix Z(i,j) 
remains unchanged even after the fault occurrence. This 
technique was firstly proposed in [20], and is used here for 
fault location in the fault area using both voltage and current 
synchrophasors. To this end, the nodal equations for the 
superimposed fault sub-system is obtained by subtracting (3) 
from (5) as  
( , ) ( , )
1, 1,
,( , )
,( , ) ( , )
, ,
i j i j
i j
i ji j
j ii j i j
Nf i Nf j
Z Z
J
J
Z Z
ª º« » 'ª º« »'  '  « »'« » « »¬ ¼« »¬ ¼
V Z I . (7) 
As can be seen from (7), the superimposed voltages are 
functions of both the superimposed nodal currents, and 
superimposed current sources substituted for the faulted line.  
Assume the superimposed voltages at terminals 1 to Np are 
directly measured by PMUs. Each of these measured values 
can be set equal to its corresponding parametric expression on 
the left-hand side of (7). To distinguish between the measured 
DQG WUXH YDOXHV WKH VXSHUVFULSW ³PHDV´ is used for the 
measured ones hereinafter. For non-boundary terminals, the 
nodal injection is either zero or remains identical before and 
after the fault inception. Thus, the kth equation in (7) can be 
expanded as 
( , )
,
1
( , ) ( , )
, , ( ), ,
Nb
i jmeas
k qk q
q
i j i j
i j j i V kk i k j
V Z I
Z J Z J e
 
'  '
 '  ' 
¦
, 1 .k Np d d  (8) 
where eV(k) represents the error between the measured voltage 
at terminal k and its true value.  
Being directly measured, none of the fault-area parameters 
is used to obtain the value of current sources representing the 
external system. Considering the possible measurement errors, 
these values are also incorporated within the unknowns to be 
calculated. In this respect, an equation can be constructed over 
the measured and true values of the current source at the 
boundary terminal k as  
 ( )
meas
k k I kI I e'  '  ,           1 k Nb d d  (9) 
where eI(k) represents the error between the sum of measured 
currents entering the boundary terminal k and its true value. 
For an internal superimposed current measurement (within 
the fault area), the measured value can be expressed as a 
function of the superimposed current sources at the boundary 
and faulted line terminals. Let Jk denote the sending-end 
current of the healthy line k connecting terminals u and w. 
Besides, let 
,u wl , 
c
u ,wZ  and ,u wJ denote that line¶V length, 
characteristic impedance and propagation constant, 
respectively. Using the distributed-parameter line model, the 
superimposed current of the sending-end of line k is expressed 
here in terms of its terminal superimposed voltages as 
 
,
, ,
,
, ,
tanh
2 sinh
m u w u w
u
eas u u w
k c c
u w u w w u w
V V VJ
Z
l
Z l
§ ·' ' ''  ¨ ¸© ¹
J
J
. (10) 
Substituting the superimposed voltages from (7) into (10),  
( , )
,
1 ( , ) ( , )
, , ( ), ,
Nb
i jmeas
k qk q
q i j i j
i j j i J kk i k j
J C I
C J C J e
 
'  '
 '  ' 
¦
 (11) 
where 
   
( , ) ( , )
, , , ,
, ,( , )
,
, ,
tanh sinhu w
i j i j
u q w qi j
k q c c
u w uw w u wwu ul l
Z Z
C
Z Z
 J J
. (12) 
The linear equation (11) obtained above is valid only for 
healthy lines. Existence of a fault at an unknown distance on 
the faulted line makes it impossible to express the current of 
that line only in terms of its terminal voltages. Nevertheless, if 
any of the faulted line terminals, say terminal i, is PMU-
equipped, the current flowing from that side is directly 
measured. Thus, an equation similar to (9) can be derived as  
 
, , ,
m
i j i j i jJ J e'  '   (13) 
where 
,i je denotes the error between the measured and true 
values. A similar equation could be also written for the current 
flowing from the terminal j side of the faulted line, if that side 
of the line is also equipped with a PMU.  
Assume Nl is the number of transmission line terminals in 
the fault area whose current phasors are measured by PMUs. 
Additionally, Nh is assumed to be the number of healthy line 
terminals whose current phasors are measured by PMUs. 
Considering all constructible equations in any form of (8), (9), 
(11) and (13), a system of Ns linear equations in (Nb+2) 
unknowns can be developed where Ns=Np+Nb+Nl. This 
system of equations would have a matrix form of 
   
> @
1 2 2 1
,
1
,2
Ns Ns Nb Nb
Ti jJ I
Nbj iNs Ns Nb
J
I IJ
u u   u
u u
 
'ª º  ' '« »'¬ ¼
M H X
H H
, (14) 
where M and H are the measurement and coefficient matrices, 
respectively. Besides, X is the vector of unknowns composed 
of superimposed current sources substituted at the boundary 
terminals and the faulted line terminals.  
The obtained system of linear equations above contains all 
extractible fault equations in the fault area, with respect to 
available synchrophasor measurements. This system has been 
constructed based on the earlier assumption that all boundary 
terminals are equipped with PMUs. If this is not the case for 
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any of the boundary terminals, the associated equations must 
be removed from the equation set. Either of the last two rows 
of (14) must be excluded if the corresponding terminal of the 
faulted line is not equipped with a PMU to measure the 
respective current. This system is rewritten explicitly in (15). 
B. Determining the Fault Identity 
The fault identity, i.e., the faulted line, fault type and 
distance is determined here. The unknown vector X, being the 
superimposed currents, can be readily calculated by solving 
(14) using the least-squares method as [35]  
 
  1Ö T T X H H H M . (16) 
The hat symbol on X demonstrates that this estimate of 
unknowns would have a difference with its true value as a 
result of measurement errors. The vector of residuals for this 
system is defined as Ö r M-HX  . 
The estimated fault distance in each sequence network 
would be equal to the actual value if the impedance matrix of 
that network is accurate. However, it is difficult to obtain an 
accurate and reliable zero-sequence network in practice [2], 
[32]. Accordingly application of the zero-sequence network is 
better to be avoided, to preserve the fault location accuracy 
[20]. Thus, (14) is constructed and solved only for the 
positive- and negative-sequence networks in this paper. Then, 
the average of obtained distances considered as the fault 
location. The sum of squared residuals corresponding to the 
faulted line is noticeably smaller than that of the other lines. 
The reason is because the faulted line is the only one for that 
(14) has been constructed and holds. Accordingly, the faulted 
line can be easily identified by calculating this value for all the 
suspected lines in the fault area. 
In the next step, the voltage at the faulted line terminals can 
be derived from (7) as 
( , ) ( , ) ( , )
, ,, , ,
1
Ö Ö Ö Ö
,
Nb
i j i j i j
i q i j j ii q i i i j
q
V Z I Z J Z J
 
'  '  '  '¦  (17) 
( , ) ( , ) ( , )
, ,, , ,
1
Ö Ö Ö Ö
.
Nb
i j i j i j
j q i j j ij q j i j j
q
V Z I Z J Z J
 
'  '  '  '¦  (18) 
To this point, the superimposed voltages and currents at the 
faulted line terminals have been calculated for positive- and 
negative-sequence networks. The superimposed two-terminal 
fault location formula (19) can be applied to each of the 
superimposed sequence networks to obtain the fault distance 
[20]. If the negative- and zero-sequence quantities measured 
by PMUs are very small, it is concluded that the fault is 
symmetrical (3-ph). Otherwise, the superimposed positive- 
and negative-sequence currents at the fault point should be 
calculated from both sides of the faulted line [20]. From the 
sequence networks interconnection for asymmetrical faults, it 
follows that for 1-ph-g and 2-ph-g faults 
p n
ffI I and p nffI Iz , respectively. In the special case of 2-ph 
faults p nffI I  . Accordingly, the fault type can be readily 
identified despite circumventing zero-sequence quantities. 
C. Fault Location Feasibility Analysis 
The fault location feasibility analysis refers to assessment of 
whether the superimposed signals at the faulted line terminals, 
and hence the fault distance can be uniquely obtained from 
(14), (17) and (18) using the available PMUs. The system of 
equations (14) has at least one solution being the 
superimposed signals sensed subsequent to the fault. The 
vector of unknowns X can be uniquely obtained from this 
system if the coefficient matrix H has full rank. Afterwards, 
the superimposed voltages ÖiV'  and ÖjV'  can be obtained 
from (17) and (18) by inserting the calculated 
, , 1Ö Ö Ö Ö, , , ,i j j i NbJ J I I' ' ' '  in those equations.  
The main question arising here is what happens to the 
problem when H is rank deficient. In other words, it is 
desirable to know whether or not H being of full rank is a 
necessary condition for fault location to be feasible. This 
would be the case when (14) essentially does not involve 
enough independent equations or some of its equations are 
excluded for being bad data. To answer this question, it should 
be recalled that in the reduced row echelon form of a matrix, 
the first nonzero entry in each nonzero row is called pivot and 
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,1, , ,
1
1
,
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, , , , ,, ,
Ö Ö Öcosh( ) sinh( )1
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has a value of 1. The corresponding variable to each pivot in 
the reduced echelon form of the coefficient matrix has a 
unique solution if and only if all the other entries to its right 
are zero [36]. In fact, this might be the case for some pivots 
and not all of them. In such a case, it is only possible to extract 
a unique solution for the corresponding unknowns while the 
whole system has infinitely many solutions [36].  
Now, let assume 
,i jJ' and ,j iJ' are uniquely obtainable 
from (14). Accordingly, a new system of equations can be 
extracted from (14) as below 
> @1 , ,, , TTI JNb i j j iI I J Jª º' '   ' '¬ ¼H M H
<
, (20) 
where the terms on the right-hand side construct a known 
vector that is named < . Without further analysis, it is not 
possible to say whether or not (20) is uniquely solvable for its 
unknowns, i.e., the superimposed current sources at the 
boundary terminals.  
The value of every single current source at the boundary 
terminals is of no direct concern, as far as the superimposed 
voltages at the faulted line terminals are to be calculated. To 
demonstrate this point, the coefficient matrix H I is first 
decomposed into 1×Nb row vectors of 1 , ,h h
I I
Ns . Now a 
state is considered in which the row vector 
( , ) ( , )
, ,1 ,, ,
i j i jNb
i j i i NbZ Zª º ¬ ¼b  can be written as a linear 
combination 1 1h h
I I
Ns Nsa a  , where 1, , Nsa a  are 
complex scalars. With respect to (17) and (20), the 
superimposed voltage at terminal i would be calculated from 
 > @ ( , ) ( , ) ,1 , ,
,
ÖÖ
, , Öi j i j i ji Ns i i i j j i
J
V a a Z Z
J
ª º'ª º'   « »¬ ¼ '« »¬ ¼
< . (21) 
The superimposed voltage at terminal j can be obtained by a 
similar procedure as 
 > @ ( , ) ( , ) ,1 , ,
,
ÖÖ
, , Öi j i j i jj Ns j i j j j i
J
V b b Z Z
J
ª º'ª º'   « »¬ ¼ '« »¬ ¼
< , (22) 
where it has been assumed that ( , ) ( , )
, ,1 ,, ,
i j i jNbj i j j NbZ Zª º ¬ ¼b  
can be written as the linear combination 1 1h h
I I
Ns Nsb b  . 
It follows from (21) and (22) that the superimposed voltages 
at the faulted line terminals can be obtained if 
,
Nb
i jb  and ,Nbj ib  
are linear combinations of vectors 1 , ,h h
I I
Ns. This does not 
imply in any way that every single current source at the 
boundary terminals has to be uniquely obtainable. Thus, for 
fault location by the proposed method, it is not necessary that 
(14) be uniquely solvable, or equivalently, H be of full rank. 
Accordingly, the fault location on line i-j can be determined 
if the two necessary and sufficient conditions below hold: 
Condition I: The reduced row echelon form of H includes 
two pivots corresponding to
,i jJ' and ,j iJ' . These pivots are 
the only nonzero entries in their containing rows and columns. 
Condition II: Either of the two row vectors 
,
Nb
i jb  and ,Nbj ib , 
can be written as a linear combination of 1 , ,h h
I I
Ns. Hence, 
    , ,rank ; ; rankI Nb Nb Ii j j iª º  ¬ ¼H H . (23) 
It follows from Condition I that the superimposed currents 
at the faulted line terminals would be uniquely obtained from 
(14). Condition II together with Condition I guarantees that 
the superimposed voltages at those locations can be also 
calculated from (21) and (22). Accordingly, if the both 
conditions hold, the fault distance on line i-j can be readily 
obtained from the closed-form solution (19). This is the case 
regardless of the rank of H. On the other hand, it can be shown 
that if H is of full rank, Conditions I and II both hold. Based 
on the described findings, H being of full rank is only a 
sufficient and not a necessary condition for fault location to be 
feasible. Therefore, if only this condition is checked to 
evaluate the fault location feasibility, a number of acceptable 
states may be overlooked.  
The pre-fault bus impedance matrix suffices for evaluating 
the introduced conditions. Thus, the feasibility of fault 
location on each line is independent of the fault type, 
resistance and exact fault distance on that line. By reduction in 
the number of independent equations, fault location would 
become infeasible for some lines while remaining viable for 
the rest. This might happen due to inclusion of bad data in the 
measurement set, or not having some of the boundary 
terminals monitored by PMUs. It can be also concluded that 
the fault distance on a line might be obtainable although the 
entire boundary terminals are not equipped with PMUs. 
IV.  SIMULATION RESULTS 
To evaluate the performance of the proposed wide-area 
fault location method, numerous simulation studies are 
conducted on the New England 39-bus and 118-bus systems 
[37]. The situation in which boundary terminals are partly 
monitored by PMUs is also studied in this section. The single 
line diagram of the 39-bus system is shown in Fig. 3.  
The DIgSILENT power factory software [38] is used to 
model the 39-bus system and simulate short-circuit faults on 
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Fig. 3.  Single line diagram of 39-bus system. 
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it. The outputs of instrument transformers are passed through a 
third-order Butterworth anti-aliasing filter. The signals are 
sampled with a sampling rate of 2500 Hz, i.e., 50 samples per 
cycle and their fundamental-frequency phasors are extracted 
using discreet Furrier transform. By calculating symmetrical 
components of the obtained synchrophasors, system of 
equation (15) is constructed and individually solved for any of 
the three sequence networks. The three estimated fault 
distances would be ideally equal. However, in practice, the 
zero-sequence network is not adequately accurate because of 
technical problems such as difficulties in measuring ground 
impedance [20]. Hence, in this paper, the fault distance is 
calculated merely in positive- and negative-sequence networks 
and the obtained results are averaged to increase the 
estimation reliability.  
The fault location is estimated by the proposed method, 
while bad data in the measurement set is identified and 
eliminated by using the largest normalized residual test 
[35].The estimation error is finally calculated as 
 
Estimated FL-Actual FL
Estimation Error(%)  100.
Faulted Line Length
 u   (24) 
A. Wide-Area vs. Conventional Fault Location  
The use of magnetic-core instrument transformers makes 
the calculated phasors not exactly match their true values in 
the steady-state condition. In transient conditions, the amount 
of dissimilarity increases considerably. This would adversely 
affect the accuracy of fault location using the conventional 
methods. However, erroneous measurements can be identified 
and removed by wide-area fault location in virtue of inclusion 
of sufficiently independent fault equations, thereby ensuring 
the estimation accuracy.  
Table I provides the average estimation errors obtained by 
the proposed and a number of other fault location methods for 
more than 1000 fault cases. These cases are simulated at 
several distances on line 21-22, by varying the fault type, 
resistance and inception angle. For faults close to either of the 
line terminals, the CVT at that terminal exhibits a more severe 
subsidence transient. Due to the large magnitude of the 
flowing current, it is more likely for the CT to go into 
significant saturation for faults close to terminal 22. These are 
the reasons for which the conventional methods [3-6] provide 
inaccurate results in the case of faults close to the line 
terminals.  
It is important to note that the mentioned drawback 
emanates from the possibility of inclusion of one or more 
erroneous equations in the minimal number of fault equations 
that those method use. This means the removal of such 
equations would make fault location unsolvable. Therefore, 
inaccurate results for close-in faults are essentially expected 
by any conventional fault location method, unless it is capable 
of detecting and correcting erroneous measurements [2]. This 
could be achieved at the expense of spending much more 
computational effort, if the instrument transformer models and 
exact parameters are available [2]. 
To be more specific, the very well-known conventional 
method proposed in [3] is used as an example. A 1-ph-g fault 
at 95% of line 21-22 of 39-bus system is studied. The faulted-
phase voltage angle at the fault location is considered to be 
45° upon the fault inception. The voltage and current signals 
obtained via ideal and magnetic-core instrument transformers 
at terminal 22, and the estimation error are shown in Figs. 4 to 
6, respectively. It can be seen that the estimation error of the 
proposed algorithm in [3] is considerable for this fault. In fact, 
instrument transformers transients have increased the error of 
fault location by affecting the estimated phasors. 
TABLE I 
FAULT LOCATION RESULTS FOR VARIOUS FAULTS ON LINE 21-22 
 
 
Fault 
Distance (%) 
5 10 20 30 40 50 60 70 80 90 95 
Average Estimation Error (%) 
Proposed 0.07 0.06 0.04 0.04 0.04 0.02 0.03 0.03 0.04 0.05 0.05 
Ref. [3] 1.12 0.64 0.39 0.36 0.04 0.03 0.03 0.13 0.19 2.21 3.98 
Ref. [4] 0.96 0.51 0.36 0.29 0.08 0.06 0.07 0.12 0.22 1.62 3.17 
Ref. [5] 1.43 0.75 0.41 0.24 0.04 0.05 0.05 0.18 0.21 1.60 3.54 
Ref. [6] 2.29 1.25 0.76 0.61 0.12 0.09 0.10 0.11 0.18 1.95 4.43 
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Fig. 4.  Faulted-phase current obtained using ideal and magnetic-core current 
transformers at terminal 22. 
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Fig. 5. Faulted-phase voltage obtained using ideal and magnetic-core 
capacitive voltage transformers at terminal 22. 
 
20 30 40 50 60 70
0
1
2
3
4
5
Time (ms)
Es
tim
at
io
n
 
Er
ro
r 
(%
)
 
 
Ideal Instrument Transformers
Magnetic-Core Instrument Transformers
 
Fig. 6.  Estimation error of the conventional two-terminal method [3] using 
ideal and magnetic-core instrument transformers. 
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It should be also noted that not all the wide-area fault 
location methods have a satisfactory performance as the 
proposed method has in dealing with imperfect measurements. 
For example, the method proposed in [17] mainly takes 
advantage of the closest measurements to the fault due to its 
formulation nature. Accordingly, its performance is similar to 
those of conventional methods in case of close-in faults. Some 
others use an offline created simulation database to find the 
most fitting waveforms to the recorded fault signals [22-24]. 
Creation and continuous update of such database are not 
practical in the case of relatively large-scale power systems. 
More than two synchrophasor measurements cannot be readily 
used for fault location by the approach proposed in [25] and 
[26]. Overall, a major disadvantage of the above-mentioned 
wide-area fault location methods is that inclusion of bad data 
cannot be readily handled by them.  
Not only do the more recent algorithms such as [18]-[20] 
enforce more computational burden, but also they are easily 
outperformed by the proposed method. The reason for this is 
because references [18]-[20] approximately model electric 
machines while the method proposed in this paper involves no 
approximation. It can be seen that the proposed method 
pinpoints the fault with accuracy better than 0.07% regardless 
of the fault distance along line 21-22. This is due to the fact 
that erroneous measurements of close instrument transformers, 
if any, are easily identified and removed from the 
measurement set. Accordingly, the fault location result 
becomes more accurate by taking advantage of data mainly 
provided by the farther measurement devices. 
B. General Evaluation of the Proposed Method  
The 39-bus system is equipped with 11 PMUs that make it 
fully observable [39], [40]. As shown in Fig. 3, this system has 
been divided into three regions with respect to its geographical 
characteristics, which are named northern, western and eastern 
areas. To scrutinize the proposed fault location method, an 
extensive number of fault cases are simulated in each area. 
These fault areas include 7, 18 and 9 transmission lines, 
respectively. Each of the system areas is modeled as a stand-
alone sub-system using the technique proposed earlier. To 
make the evaluation comprehensive, various fault types with 
different fault resistances from WRDUHVLPXODWHGDWILYH
points on each line. Moreover, six fault inception angles in the 
range (-ʌʌ@DUHH[DPLQHGIRUevery case.  
A total of more than 3000 fault cases are simulated in this 
part. In all the simulated cases, the faulted line is successfully 
identified by the proposed method. Table II summarizes the 
average, standard deviation and maximum of estimation errors 
for various fault types. As can be seen, the average estimation 
error is below 0.11% for all the conducted simulations. It 
should be also pointed out that the fault type is always 
identified correctly. These accurate results are achieved after 
detection and removal of erroneous measurements using the 
Normalized Residual test [35]. 
The tabulated results in Table II are related to the fault cases 
including a fixed resistance. A number of simulations with a 
variable fault resistance including transient components [2] 
have been also conducted. The results show that although the 
nonlinearity of fault resistance deteriorates the accuracy, the 
estimation error hardly exceeds 1%. 
Wide-area fault location methods usually use a simplified 
model for electric machines, i.e., a constant source in 
connection with a fixed impedance, to construct the bus 
impedance matrix. Such approximation requires some of the 
machine parameters, and loses its accuracy as the time moves 
on. The reason is that the time-varying nature of machine 
impedance, rotor saliency, automatic voltage regulation action 
and some other factors are neglected in the simplified model. 
For example, if terminals 10 and 11 have no PMUs, the 
approximate model of generators 31 and 32 should be used for 
applying wide-area fault location in the 39-bus system. 
Simulation results show that this could increase the estimation 
error up to 1% in a few cases. As proposed in this paper, 
however, having PMUs at machine terminals enables 
replacing them with exact sources and thereby increasing the 
fault location accuracy. 
In order to evaluate the proposed method performance when 
applied to large-scale power systems, the 118-bus system is 
also examined here. Based on the geographical criteria along 
with engineering judgment, this system is divided into three 
fault areas as shown in Table III. More than 2000 fault cases 
are simulated in each area and the proposed method is applied 
to pinpoint the fault. As tabulated, the average estimation error 
is less than 0.14% for all of the conducted simulations. Further 
analysis shows that if the fault location is carried out without 
dividing the system into three fault areas using the proposed 
method, the average estimation error would be around 0.42%. 
The reason is because the simplified model commonly used 
for electric machines modeling in fault location studies is not 
TABLE III 
FAULT LOCATION RESULTS ON 118-BUS SYSTEM 
 
 
Terminals Located in  
Fault Area PMU Locations 
Estimation Error (%) 
(ȝ,ı,max) 
1,2,3,4,5,6,7,8,9,10,11,12,13, 
14 ,15,16,17,18,19, 20,21,22, 
23, 25,26,27,28,29, 30,31,32, 
34,113, 114,115,117 
1,5,9,12,15,17,21 
23,28,30,115 (0.11, 0.03, 0.28) 
15,33,34,35,36,37,38,39,40,41, 
42,43, 44,45,46,47,48,49,50, 
51,52,53,54,55,56,57,58,59, 
60,61,62,63,64,65,66,67 
15,34,35,38, 
40,43,47,49,53, 
56,63,62,67 
(0.14, 0.02, 0.31) 
23,24,38,47,49,68,69,70,71,72,
73,74,75,76,77,78,79,80,81,82,
83,84,85,86,87,88,89,90, 91, 
92,93,94,95,96,97,98,99,100, 
101, 102, 03,104,105,106,107, 
108,109,110,111,112, 116,118 
23,38,47,49, 
71,75,78,80, 
85,86,90,94, 
102,105,110 
(0.12, 0.02, 0.27) 
 
TABLE II 
FAULT LOCATION RESULTS ON 39-BUS SYSTEM 
 
 
Fault Area Northern  Fault Area 
 Western  
Fault Area 
Eastern  
Fault Area 
Fault Type Estimation Error %  (ȝ,ı,max) 
1-ph-g (0.09,0.02,0.26) (0.10,0.02,0.25) (0.11,0.02,0.29) 
2-ph (0.08,0.02,0.23) (0.08,0.02,0.22) (0.09,0.02,0.23) 
2-ph-g (0.07,0.01,0.21) (0.08,0.02,0.22) (0.08,0.02,0.24) 
3-ph-g (0.05,0.01,0.18) (0.06,0.01,0.19) (0.06,0.01,0.18) 
All in Total (0.07,0.02,0.26) (0.08,0.02,0.25) (0.08,0.02,0.29) 
 
  
 
8 
quite accurate. As proposed in this paper, it is desirable to 
replace electric machines with their equivalent sources in case 
their associated terminals are equipped with PMUs. This 
would reduce the average estimation error again to around 
0.14%, although the whole 118-bus system is considered as 
the fault-area.  
C. Solvability of Fault Equations 
To carry out wide-area fault location, it is not necessary that 
all fault equations be uniquely solvable. Injected currents from 
the boundary terminals to the fault area are amongst the 
unknowns of (14) to be calculated. The fault distance can be 
successfully located if this system of equations is uniquely 
solvable for 
,i jJ' and ,j iJ' , and also the superimposed 
voltages can be calculated from (17) and (18). As explained 
earlier, it is not necessary that all the boundary terminals be 
equipped with PMUs as long as there exist enough 
independent equations in the system of equations (14).  
In this part, a number of short-circuit faults are simulated at 
ten points on line 7-8 of 39-bus system. Fault location is 
carried out without considering synchrophasors measured at 
boundary terminals 2, 14 and 17. The obtained results confirm 
successful fault location in all the cases even though the entire 
boundary terminals are not equipped with PMUs. In this 
respect, the average estimation error with and without PMUs 
at terminals 2, 14 and 17 are 0.09 and 0.13, respectively. 
The western fault area of 39-bus system has five boundary 
terminals, namely terminals 2, 6, 10, 14 and 17. As an 
example, the introduced solvability conditions are evaluated in 
Table IV for cases in which only terminals 2 and 6 are 
equipped with PMUs. For lines 1-2, 1-39, 6-7, 7-8, 8-9 and 9-
39, the rank of coefficient matrix H is full, that is 7 here, and 
both solvability conditions hold. These cases have not been 
included in the table because it is safe to say that fault location 
is feasible for those lines without checking individually the 
solvability conditions. It can be seen from the table that the 
fault location solvability conditions hold for line 5-6, although 
the rank of the respective coefficient matrix H is 6. This 
means that fault distance can be successfully pinpointed for 
any fault on this line even though the system of equations 
associated to it has infinitely many solutions. 
V. CONCLUSIONS 
A method is proposed in this paper to determine the fault 
identity, i.e., the fault type, faulted line and fault location on it, 
using available synchrophasors. To reduce the computational 
complexity, and to simplify the exchange and processing of 
data between utilities, the whole process is confined to the 
fault area. A low-demanding technique is proposed to suitably 
replace the remote portions of the system and construct an 
equivalent fault sub-system. The fault equations become linear 
by defining appropriate auxiliary variables. Taking advantage 
of partial solvability of system of linear equations, two 
necessary and sufficient conditions are introduced for 
assessing the fault location feasibility in the offline stage. It is 
shown that for being able to locate the fault using a given set 
of PMUs, it is not required that the whole system of equations 
be uniquely solvable. Overall, the major achievements of the 
proposed method can be outlined as follows: 
x Linearity of the proposed formulation removes concerns 
about non-convergence and demanding solving process 
involved in nonlinear problems.  
x Restricting calculations to the fault sub-system removes a 
huge portion of modeling complexity and associated 
uncertainties.  
x Topology data and parameters of the portions being 
replaced are not needed. 
x The proposed method determines the fault identity, and 
does not require all of the system terminals to be 
equipped with PMUs. 
x Necessary and sufficient conditions are introduced to 
assess the feasibility of fault location by any set of PMUs.  
x Both voltage and current measurements are taken into 
account since gross errors can be easily identified and 
removed in the proposed linear framework.  
x The proposed wide-area method provides accurate results 
even in presence of instrument transformers transients. 
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